We have derived Mn abundances for more than 200 stars in 19 globular clusters. In addition, Mn abundance determinations have been made for a comparable number of halo field and disk stars possessing an overlapping range of metallicities and stellar parameters. Our primary data set was comprised of high resolution spectra previously acquired at the McDonald, Lick and Keck Observatories. To enlarge our data pool, we acquired globular and open cluster spectra from several other investigators. Data were analyzed using synthetic spectra of the 6000Å Mn I triplet. Hyperfine structure parameters were included in the synthetic spectra computations. Our analysis shows that for the metallicity range −0.7>[Fe/H]>−2.7 stars of 19 globular clusters have a a mean relative abundance of <[Mn/Fe]>= −0.37 ± 0.01 (σ = 0.10), a value in agreement with that of the field stars: <[Mn/Fe]>= −0.36 ± 0.01 (σ = 0.08). Despite the 2 orders of magnitude span in metallicity, the <[Mn/Fe]> ratio remains constant in both stellar populations. Our Mn abundance data indicate that there is no appreciable variation in the relative nucleosynthetic contribution from massive stars that undergo core-collapse supernovae and thus, no significant change of the associated initial mass function in the specified metallicity range.
INTRODUCTION
Trends in element abundances are utilized to uncover the formation patterns and evolutionary history of the Galaxy. Comparison of chemical compositions between different stellar populations is essential to this endeavor. The interconnection between halo field and globular cluster stars is of extreme interest since their metallicity ranges overlap (e.g. Laird et al. 1988 , and references therein). Recent general overviews of abundance trends in halo populations have been done by, e.g., McWilliam (1997) and Gratton et al. (2004) .
With the exception of ω Cen (e.g. Norris & Da Costa 1995) , stars of individual globular clusters display monometallicity, i.e. members of a globular cluster possess approximately the same [Fe/H] value. Elements of the proton-capture group (C, N, O, Na, Mg, and Al) exhibit large star-to-star abundance variations in most globular clusters, and these discrepancies are inordinately large as compared to those seen in halo field stars (Gratton et al. 2004 , and references therein). In contrast, members of the α-element (like Si, Ca, and Ti) and neutron-capture element (like Y, Ba, La, and Eu) groups display similar abundance patterns in most globular cluster and halo field stars. Likewise, the relative abundances of several Fe-peak elements (notably Sc, V, Cr, and Ni) appear to be almost identical in the two stellar populations. The vast majority of the Fe-group members have roughly solar abundance ratios with two exceptions: copper and manganese. The relative abundance of Cu is known to be exceedingly subsolar in metal-poor field stars (at metallicities [Fe/H]< −2, [Cu/Fe] approaches −1; Sneden et al. 1991a , Mishenina et al. 2002 ). An analogous deficiency of Cu in globular cluster stars has recently been reported by Simmerer et al. (2003) . In the two stellar groups, the trend of [Cu/Fe] with [Fe/H] is identical within the limit of observational uncertainty.
Mn also has an established abundance deficiency in metal-poor stars. Helfer et al. (1960) and Wallerstein (1962) were the first to report sub-solar Mn and in 1978, Beynon verified these initial observations. Later, Gratton (1989) improved Mn abundance determinations by employing hyperfine structure (HFS) data from Booth et al. (1984) to derive <[Mn/Fe]>= −0.34 ±0.06 for stars of metallicity [Fe/H]< −1. Three factors have hindered Mn abundance determinations: the lack of adequate hyperfine structure computations, the uncertainty of damping parameter values, and the absence of available transitions in the red portion of the visible spectrum (Gratton 1989; . Several surveys of metal-poor field stars have derived highly accurate [Mn/Fe] values (Gratton & Sneden 1991; McWilliam et al. 1995; Johnson 2002; Francois et al. 2003; Cohen et al. (2004b) . However, a systematic and comprehensive study of Mn abundances in globular cluster stars has not yet taken place.
In this paper we present Mn abundances for several hundred cluster and field stars in the metallicity range of 0.0 [Fe/H] -2.7. Our intent is two-fold: first, we want to ascertain whether globular cluster stars have the same Mn abundance as stars of the halo field; and second, we wish to confirm the Mn abundance trend across the entire metallicity spectrum, as well as across the stellar populations, in order to further resolve the nucleosynthetic origin of this element. In §2 we relay particulars about each data set and characterize the general nature of the data. A justification of line selection and a description of the analysis is found in §3. An account of all abundance values is given in §4. Finally in §5, a discussion of these Mn results ensues.
OBSERVATIONS AND DATA REDUCTION
In this study, Mn abundance measurements were made in three stellar populations: globular clusters, open clusters, and the halo field. Spectroscopic and equivalent width data were acquired from numerous sources. A significant portion of the globular cluster and halo field data were gathered by the Lick-Texas group (LTG). These LTG data constitute a basis set for our Mn abundance survey. Table 1 lists the relevant observational parameters and literature sources for the LTG data. Cluster sample size varies from as few as 2 to as many as 23 stars. The two field star surveys each have a sample size in excess of 80 stars. Stars in the field data sample exist in a variety of evolutionary states whereas the bulk of the globular cluster data are red giants. Three facilities were used for the LTG observations: the Keck I 10.0 m telescope equipped with the High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994) , the Lick 3.0 m telescope equipped with the Hamilton spectrograph (Vogt 1987) , and the McDonald 2.7 m telescope equipped with the "2d-coudé" spectrograph (Tull et al. 1995) . For the various instrument configurations, the resolution (R ≡ λ/∆λ) ranges from 30,000 to 60,000, and the estimated signal-to-noise ratio (S/N) varies between 25 and 180. The software packages IRAF 1 and SPECTRE (Fitzpatrick & Sneden 1987) were used for standard data reduction processes such as bias and flat-field correction, order extraction, cosmic ray elimination, continuum adjustment, and wavelength correction.
The remainder of the globular and open cluster spectra were obtained from several external sources. Data contributors, as well as observational details, are found in Table 2 . These data were collected at several facilities: the Very Large Telescope (VLT), Apache Point Observatory (APO), Cerro Tololo Inter-American Observatory (CTIO), and Keck.
In order to refine the line list, we synthesized a portion of the solar spectrum (6000-6030 A). The observed center-of-disk photospheric spectrum is that of Delbouille et al. (1990) 2 . We selected a Holweger-Müller model with a microturbulent velocity of v t = 0.80km s −1 , a value in accord with other solar abundance surveys (Holweger & Müller 1974; Grevesse & Sauval 1999) . We used the standard LTG value of logǫ(Fe) ⊙ = 7.52 as set by Sneden et al. (1991b) . The initial basis for this value originates from the work of Anders & Grevesse (1989) . Further confirmation of this value was done by Anstee et al. (1997) , who used neutral iron lines to derive an iron abundance for the Sun of 7.51±0.01. Several other studies arrive at approximately the same value (to within 0.1 dex) for the solar photospheric abundance of iron (e.g. Raassen & Uylings 1998; Asplund et al. 2000) . We also adopt logǫ(Mn) ⊙ = 5.39 as recommended by Anders & Grevesse (1989) . Note, however, that there is a significant discrepancy between the solar photospheric and meteoritic CI chondrite [logǫ(Mn) meteor = 5.50; Lodders 2003] values for Mn.
Spectrum synthesis was employed to determine the abundances as accurate determinations from transitions with multiple HFS components necessitate this technique. Abundance derivations that rely solely on the measurement of equivalent width values do not properly account for lines containing HFS without the introduction of an artifact (i.e., an arbitrary increase in microturbulent velocity; Cohen 1978) . To generate synthetic spectra and to calculate abundances, the current version of the LTE line analysis code MOOG (Sneden 1973) was used. The raw relative flux values generated by this code were convolved with Gaussian broadening functions to reproduce the combined effects of astrophysical (i.e. macroturbulence) and instrumental (i.e. spectrograph slit) origin. Figure 2 shows a sample spectrum synthesis. In cases in which the spectra were not available, we employed literature values of the equivalent width measurements. In those instances we computed synthetic spectrum fluxes, which were then summed to force-fit the observed equivalent width values. This technique was verified in some spectra for which synthetic fits were also made to observed spectra.
Line Parameters
Two Fe I features (6024 and 6027Å) are available for abundance determinations in the specified wavelength range. A reliable Fe abundance may be obtained from these neutral lines as their excitation potential is large (χ>4.0 eV); consequently, they are not as susceptible to temperature effects and departures from LTE (Grevesse et al. 1996) . Multiple literature sources give a transition probability for the 6027Å feature. The emission measurement technique of O'Brian et al. (1991) yielded a gf-value for the 6027Å line that is in good agreement with that found by the absorption line technique of Blackwell et al. (1982) . We adopted the O'Brian et al. log (gf) value for this line.
Unfortunately, neither O'Brian et al. (1991) nor Blackwell et al. (1982) give a transition probability for the 6024Å feature. Literature sources for this line include the early work of Wolnik et al. (1970) , log (gf)= −0.06±0.00 ; the solar line inversion value of Thévenin (1990) , log (gf)= −0.02±0.02; and the semi-empirical derivation of Kurucz (1993) , log (gf)= −0.120. Taking into consideration the lack of modern laboratory atomic physics input into these numbers, we opted to perform an empirical derivation of the 6024Å gf-value. An initial line list (in the specified 30Å wavelength range) was assembled from Kurucz (1993) data. A synthetic spectrum was generated from this list and compared to the observed solar spectrum. Modification of the line list (i.e. revision of gf-values and deletion of non-essential features) occurred until the difference between the observed spectrum and the synthetic spectrum was minimized. With the refined line list in place, the iterative determination of the 6024Å gfvalue proceeded. The abundances of Mn and Fe were set to their corresponding solar values and the smoothing and continuum were fixed. Then the transition probability and the van der Waals damping parameter (C6) of the 6024Å line were allowed to vary until a good fit was achieved. A final value of log(gf) 6024 = 0.04 was obtained, with associated enhancement of the C6 damping parameter of Eγ= 2.2. The result for the damping parameter enhancement is in agreement with the finding of Anstee et al. (1997 and references therein) that lines with an excitation potential greater than 3.0 eV generally have an E γ > 2.1.
With a nuclear spin of I = 5/2 and a magnetic dipole moment of µ I = 3.4687 µ N (Lederer & Shirley 1978) , Mn has a sizable HFS. The effect of HFS is to desaturate and broaden the lines of Mn. The strongest transitions of Mn are particularly susceptible. To ensure the accurate computation of Mn abundance, HFS was taken into account. Oscillator strengths for the 6013 and 6021Å Mn lines were taken from Booth et al. (1983 Booth et al. ( , 1984 . Additional data were acquired from the Kurucz (1993) line list. Neither Booth et al. (1983) nor the NIST database 3 (Martin et al. 1999) give a transition probability for the 6016 A line. As before, the gf value for the 6016Å Mn line was determined iteratively via a fit to the observed solar spectrum. Notably, the 6016 line possesses a significant Fe contaminant, whereas the 6013 and 6021Å features do not contain any prominent blends. So, little weight is accorded to the abundance derived from the 6016Å feature due to line contamination and slight uncertainty in oscillator strength value (it is used for a consistency check only). Final transition probabilities for all lines are reported in Table 5 .
RESULTS
Our essential finding is that in the metallicity range −0.7>[Fe/H]>−2.7 the Mn abundances in globular cluster stars are equivalent to those of halo field stars. Figure 6 . In a few cases the spread in metallicity is larger than 0.3 dex. [Mn/Fe] values are in fairly good agreement with our own. A few clusters in our sample were a bit problematic, and we discuss these clusters in the following sections. We also address the noticeable data gaps in the extremely-poor metallicity range ([Fe/H]< −2.7 dex) and the slightly-metal poor range ([Fe/H]> −0.7 dex) in section §4.4.
Error Analysis
Four main factors contribute to possible errors in our abundances: choice of model, sensitivity to stellar parameters, quality of observational data, and modification of elements of the spectral fit process. To assess the ramifications of model/parameter variation across the entire data set, we studied representative stars of three metallicity classes: slightly metal-poor (SMP), moderately metal-poor (MMP), and extremely metal-poor (EMP). The selection of the stellar atmosphere model (be it MARCS or Kurucz) The S/N across the entire data set did vary by a substantial amount: 25≤S/N≤180. For data of generally high quality (S/N> 75), the abundance determined via spectral synthesis fit is good to within ±0.05 dex. Conversely, the fit for low quality data is not as solid and may fluctuate by as much as ±0.10 dex. Further considerations are continuum normalization and smoothing parameters of the fit. Placement of the continuum might affect the fit by as much as ±0.03 dex, whereas alteration of the FWHM of the fitting function (normally a Gaussian for most stars) may result in an abundance change of roughly ±0.05 dex.
Non-LTE effects should also be taken into consideration. For metal-poor stars, overionization (and its impact on surface gravity) is indeed a factor (Thevenin & Idiart 1999) , but to what degree is not clear Korn 2004) . To date, no non-LTE Mn abundance calculations have been published for stars of any type. In a survey of metalpoor giants, Johnson (2002) attempted to quantify the effect on Mn by estimating a non-LTE log g. Johnson demonstrated that modification of the log g value elicited a change of roughly -0.10 dex in Mn abundance. Ivans et al. (2001) suggest that as long as the abundance ratio consists of two neutral species (as is the case in our study) the relative non-LTE effects are minimized.
M71
Our initial result for M71 indicated a high Mn abundance as compared to other globular clusters in our data sample. For 10 stars, we derived <[Mn/Fe]>= −0.16 (σ = 0.14) with an average metallicity of <[Fe/H]>= −1.12 (σ = 0.15). The data have an unusually large scatter in both Mn and Fe. We must take into consideration the fact that our M71 observational runs at the Lick 3.0 m telescope occurred in 1989 and 1991, prior to the update of the echelle spectrograph. If we discount the four most anomalous data points (which correspond to the lowest S/N values), then the <[ 
Comparison of Cluster Results: NGC 6528 and C261
We are able to compare our derived [Mn/Fe] ratios to literature values for two clusters of high metallicity, NGC 6528 and Collinder 261 (Cr 261). NGC 6528 presents an opportunity to study the cluster populations of the Galactic Bulge. It lies in Baade's window and thus has only moderate reddening. Although Cr 261 is an open cluster, it may be likened to globular clusters, as it is similar in age (roughly 9 Gyr; Janes & Phelps (1994) ). (2004) have pointed out in their study of NGC 6528, factors that affect abundance derivations include effective temperature assessment (both spectroscopically and photometrically derived parameters contain inherent errors) and continuum determination (placement of the continuum may be largely variable due to the presence of molecular bands and α enhancement). Our Fe values for this cluster do show a large spread: -0.37≤[Fe/H]≤-0.03 (the temperature range of the sample stars is a likely factor). Also, special attention should be paid to the broadening factors used in abundance determination (Zoccali et al. 2004) . While taking into consideration all the issues mentioned above, we remark that we still find a substantial underabundance of Mn in NGC 6528. Carretta et al. (2005) also observed six red clump and red giant branch stars in Cr 261. For this cluster, they found <[Fe I/H]>= −0.03 (σ = 0.04) and <[Mn/Fe]>= −0.03 (σ = 0.04). We employed a different data set (Friel et al. 2003 ) that contains four of the stars that were in the Carretta et al. (2005) sample. Our analysis of Cr 261 giants yields <[Fe/H]>= −0.36 (σ = 0.21) and <[Mn/Fe]>= −0.32 (σ = 0.13). Data concerns might include instrument resolution and S/N values. Moreover, there is definite sensitivity in the data to the selection of v t , transition probabilities, and log g values (Carretta et al. 2005) . We note that there is significant scatter in our Fe abundance, and it is indeed a rather low value. In both studies, one target star gave consistently low [Fe/H] and [Mn/Fe] values as compared to other stars in the data set. None of the studies chose to exclude this star (most likely due to the small data sample for Cr 261). These are preliminary investigations of clusters in the metallicity regime [Fe/H]> −0.70 and the acquisition of more data in this range will be necessary. Future efforts will also focus on open cluster abundances.
Other Mn Abundance Analyses
Several investigations of the Mn abundance ratio have been done in various metallicity regimes and stellar populations. We briefly detail some of those here along with the asso- contend that Mn abundance differs between the thick disk and the thin disk. They conclude that Mn in the thick disk is normally underabundant with respect to the thin disk. This finding is being subjected to further scrutiny (Reddy et al. 2006 ).
Bulge globular clusters have not been well analyzed and remain somewhat of a mystery (the notable exception, of course, being NGC 6528). McWilliam et al. (2003) have discovered that the [Mn/Fe] values of bulge giants follow the trend of disk stars. In a separate study, McWilliam et al. (2003) examined the [Mn/Fe] ratio in the Sagittarius dwarf spheroidal galaxy and found a fairly consistent underabundance with respect to the stars of the bulge and disk populations. In order to have a more complete view of these metal-rich stellar populations, further study is requisite.
DISCUSSION AND CONCLUSIONS
We have derived Mn abundances for hundreds of globular cluster, open cluster, and halo field stars. We used spectral synthesis in order to obtain a [Fe/H] and [Mn/Fe] ratio for each star. In the range −0.7>[Fe/H]>−2.7, globular cluster stars exhibit a mean relative abundance of <[Mn/Fe]>= −0.37±0.01 (σ = 0.10), which is the same (to within the levels of uncertainty) as that of halo field stars, <[Mn/Fe]>= −0.36±0.01 (σ = 0.08). There is no statistically significant difference with regard to Mn abundance between the halo field and globular clusters. Figure 7 displays the average abundance ratios of Fe-peak elements in halo field and globular cluster stars in the metallicity range −0.7>[Fe/H]>−2.7. Several points may be gleaned from this plot. First, and most important, the elemental abundance ratios are equivalent in the two stellar populations. Second, the relative abundances for many members of the Fe group (Sc, V, Cr, Co, and Ni) are roughly solar over this metallicity range. And third, the abundances of a few odd Z-numbered elements (namely, Mn and Cu) are deficient with respect to their even Z-numbered Fe-peak counterparts.
Nucleosynthesis of Mn occurs primarily via decay of
55 Co (Nakamura et al. 1999 ). Another possible nucleosynthetic pathway for Mn is α-capture by 51 V. The main site for Mn formation is the incomplete explosive Si-burning region (Nakamura et al. 1999) . In the metallicity range of interest (−0.7>[Fe/H]>−2.7), core-collapse supernovae (SNe) are predominantly responsible for the production of Mn. Yields of Mn rely heavily upon the neutron excess (Umeda & Nomoto 2002) . The [Mn/Fe] ratio depends on the mass cut (as Fe has two production sites: the incomplete and complete Si-burning regions) and the explosion energy (with little dependence on stellar mass; Umeda & Nomoto 2002) .
The single-valued [Mn/Fe] ratio in the range −0.7>[Fe/H]>−2.7 may be described as a plateau (Figure 3 ). Though the metallicity changes by roughly a factor of 100, <[Mn/Fe]> does not vary in either globular cluster or halo field stars. In the specified range, the [Mn/Fe] ratio of (either stellar population) is not metallicity-dependent. These data indicate that the contribution from stars that undergo core collapse SNe (i.e., medium to moderately high mass stars) is uniform and does not change. Furthermore, the data suggest that the initial mass function (IMF) associated with these stars is essentially invariant. As Thielemann et al. (1996) contend, in the range -1.0≥[Fe/H]≥-2.5, constant abundance ratios of elements (like those of the Fe peak) should be expected as the core collapse SNe of the entire mass range of progenitor stars occurs.
Beyond [Fe/H]∼ −1.0, there is an increase in the [Mn/Fe] scatter for the field star data points, and the relative Mn abundance rises steadily as solar metallicity is approached (Figure 3) . A possible explanation for the increase in scatter is that in this metallicity regime stars of three populations are present (halo, thin disk, and thick disk). Notably, Reddy et al. (2006) present data that show no difference in the Mn abundance between the stars of the thin and thick disk (of the same metallicity). The emergence of Type Ia SN events is likely responsible for the observable increase in the levels of Mn. This follows as the production of Mn occurs mostly in Type Ia SNe (e.g., Samland 1998; Iwamoto et al. 1999 ). Few recent theoretical reviews of elemental yields and abundances in the metallicity range of interest, −0.7>[Fe/H]>−2.7, have been published. The comprehensive investigation by Timmes et al. (1995) examined the chemical evolution of 76 stable isotopes in this range using the output from the Type II SN models of Woosley & Weaver (1995) . Timmes et al. found excellent agreement between their calculations and the observational data for Cr and Ni. Although the trends for Mn, Sc, and V were well reproduced, the calculations of Timmes et al. predicted systematically lower abundance values for these elements than those found by observation. The trend for Cu was fairly well duplicated, although the actual values for the calculated abundance were quite low in contrast to observational values. The disagreement between theoretical calculations and observational results widens as the extremely low metallicity regime is considered. Limongi & Chieffi (2005) compared their yields from zero metallicity core collapse SNe to the extremely metal-poor star data of Cayrel et al. (2004) . The observational data for the abundance ratios of the Fe-peak elements could not be simultaneously reproduced by any of the models (regardless of the choice of mass cut). This discrepancy encourages the continued development of theoretical calculations.
Further elucidation of the metal-rich regime is necessary, with special emphasis paid to bulge and disk clusters. It must be determined whether NGC 6528 is unique in its chemical evolution history (as suggested by McWilliam & Rich 2004) or, indeed, whether it is representative of all bulge clusters. In addition, verification of the Mn abundance trend in the IR wavelength range and extension of this study to metal rich candidates is paramount. It would also be valuable to re-investigate Fe-peak elements such as Co and Sc with large abundance uncertainties.
We wish to thank to E. Carretta for many informative and insightful discussions. We would like to acknowledge the data contributions of these investigators: J. Cohen, E. Friel, G. Gonzalez, F. Grundahl, J. W. Lee, M. Shetrone, and M. Zoccali. We are deeply indebted to them. We are grateful to the following agencies for providing funding support for this research: NASA, through Hubble Fellowship grant HST-HF-01151.01-A from the Space Telescope Science Institute, operated by AURA, Inc., under NASA contract NAS 5-26555 to I. I. I.; and the NSF, through grants AST 03-07495 to C. S. and AST 00-98453 to R. P. K. Fig. 1. -Comparison of the spectra from globular clusters of differing metallicities. Note that temperature is roughly the same for all of the spectra. The three Mn and two Fe lines used in the abundance analysis are indicated in this figure. As metallicity decreases, some of the spectral features become undetectable. Gratton et al. (2003) and Fulbright (2000) . Cu field star data are obtained from Mishenina et al. (2002) and Co field star data are taken from Johnson (2002) . Interestingly, there is a lack of Co data for globular clusters. Note that in almost every case, the average values for globular cluster and halo field stars are roughly equal to one another. a Note that the number of program stars does not always equal those found in the original paper. In some cases, the S/N ratio was too low in specified wavelength range to obtain a [Mn/Fe] ratio.
b ESO (50): ESO 3.6m telescope-CASPEC spectrograph with R≃40,000; Keck(34), Keck (45): Keck I 10.0m telescope-HIRES spectrograph with R≃34,000 or R≃45,000; Lick(30): Pre-1995 configuration of Lick 3.0m telescopeHamilton echelle with R≃30,000; Lick(50): Current configuration of Lick 3.0m telescope-Hamilton echelle with R≃50,000; McD(30-60): McDonald 2.7m telescope-"2d-coudé" with R≃30,000 or R≃60,000. a Note that the number of program stars does not always equal those found in the original paper. In some cases, the S/N ratio was too low in specified wavelength range to obtain a [Mn/Fe] ratio.
b Keck(34): Keck I 10.0m telescope-HIRES spectrograph with R≃34,000; CTIO(24), CTIO(30): CTIO 4.0m telescope-echelle spectrograph with R≃24,000 or R≃30,000; VLT(40:60): VLT telescope-UVES spectrograph with R≃40,000 or R≃60,000; APO(34): APO 3.5m telescope-echelle spectrograph with R≃34,000. 
